Some prototype armor panels are fabricated from several layers of dissimilar material bonded together. These may include ceramics, graphite composites, fiberglass composites and rubber. The ultrasonic properties of these layers influence inspections for armor defects. In this paper we describe measurements of ultrasonic velocity, attenuation, sound beam distortion and signal fluctuations for the individual layers comprising one armor prototype. We then discuss how knowledge of these properties can be used when choosing an optimum frequency for an ultrasonic pitch∕catch immersion inspection. In our case an effective inspection frequency near 1.5 MHz affords: (1) adequate strength of through-transmitted signals in unflawed armor; (2) adequate lateral resolution for detecting small disbonds at interfaces; and (3) low levels of UT signal fluctuations due to the natural inhomogeneity of certain armor layers. The utility of this approach is demonstrated using armor panels containing artificial disbonds at selected interfaces. ABSTRACT. Some prototype armor panels are fabricated from several layers of dissimilar material bonded together. These may include ceramics, graphite composites, fiberglass composites and rubber. The ultrasonic properties of these layers influence inspections for armor defects. In this paper we describe measurements of ultrasonic velocity, attenuation, sound beam distortion and signal fluctuations for the individual layers comprising one armor prototype. We then discuss how knowledge of these properties can be used when choosing an optimum frequency for an ultrasonic pitch/catch immersion inspection. In our case an effective inspection frequency near 1.5 MHz affords: (1) adequate strength of through-transmitted signals in unflawed armor; (2) adequate lateral resolution for detecting small disbonds at interfaces; and (3) low levels of UT signal fluctuations due to the natural inhomogeneity of certain armor layers. The utility of this approach is demonstrated using armor panels containing artificial disbonds at selected interfaces.
INTRODUCTION
Some armor panels contain several layers of dissimilar material bonded together. This paper deals with: (1) measuring the basic UT properties of the individual layers; and (2) using that information to help design armor inspections. Our straw man armor design assumes the 5-layer panel depicted in Figure 1a . It contains, from left to right, a layer of woven S2 fiberglass/epoxy composite, a thin rubber layer, a layer of graphite/epoxy composite, a layer of silicon-carbide ceramic, and a second layer of graphite/epoxy composite. Layer thicknesses range from about 0.8 inches for the ceramic to about 60 mils for rubber, with the entire panel being about 1.7 inches thick. Specimens of single-layer materials supplied by BAE Systems were used in our measurements and are pictured in Figure 1b next to a one-foot ruler.
The S2 fiberglass layer is somewhat inhomogeneous on our wavelength scale, and this influences inspection choices. The S2 glass layer is built up from plies each of which contains ribbons of glass fibers woven together. As depicted in Figure 1c , the woven ribbons are about 0.2 inches wide, presenting a 2D weave pattern of 5 x 5 per square inch when viewed normal to the ply surface (a so-called 5 x 5 woven roving). A cross-section of the S2 glass layer is pictured in Figure 1d , and the gray arrow in that figure extends one ultrasonic wavelength at 1 MHz frequency, thus setting a convenient length scale. One wavelength is seen to span 3 or 4 ply thicknesses of the S2 glass composite. By contrast, as illustrated in Figure 1e , one wavelength in the graphite/epoxy composite spans about a dozen plies.
We are chiefly interested in looking at bonding problems between armor layers, and Figure 2 shows two simple normal-incidence (longitudinal-wave) setups for ultrasonic immersion inspection. One can use a two-transducer pitch/catch setup to look for a bonding problem at any depth, signaled by a drop in the through-transmitted response. Alternatively, one can perform a pulse/echo inspection from either side to focus attenuation on one particular interface, generally looking for a change in interface reflectivity. Here due to space limitations we concentrate on the pitch/catch inspection.
UT properties of interest include density and velocity, which together determine the sonic impedance and hence reflection and transmission coefficients at interfaces. Velocity also determines the beam spread rate and refraction angles at interfaces, and thus influences focal depths. Attenuation is especially important here and determines sound energy losses during propagation. If the layer is inhomogeneous (like S2 glass or graphite composite), sound beams can be distorted during propagation, leading to signal fluctuations in nominally undamaged material. Higher inspection frequencies allow one to achieve shorter pulse durations and tighter beam focal spots, resulting in better resolution of defective interfaces. Lower inspection frequencies reduce the impact of both attenuation and microstructure-induced beam distortions, resulting in stronger UT signals and less signal fluctuation in unflawed panels. Here we seek an intermediate inspection frequency which strikes a happy balance. 
MEASUREMENTS OF SINGLE-LAYER UT PROPERTIES
We will now briefly review and illustrate the methods used to measure longitudinalwave sound velocity, attenuation, beam distortion severity, and signal fluctuation severity. The latter three are strongly frequency dependent, and when measuring these we use broadband sonic pulses and FFT methods to determine the properties as functions of frequency.
Sound velocity was measured using the immersion setups shown in Figure 3a . In the pulse/echo setup we typically compared times-of-flight (TOFs) between the first and second back-wall echoes in the specimen being tested. In the pitch/catch setup we compared transit times for transmission with and without the specimen in place. For a given specimen, the measurement frequency was chosen such that back-wall echoes were both sufficiently strong and sufficiently well separated for easy analysis. Transducer center frequencies ranged from 1 or 2 MHz (for rubber and S2 glass) to 5 or 10 MHz (for ceramic and graphite composite). For our purposes it was sufficient to ignore the small dependence of velocity on frequency and to simply compare differences between corresponding time-domain waveform features, such as the zero crossing points pictured. As an aside, we note that sound speed measurement can also be used to look for porosity in the layer materials. That is demonstrated in Figure 3b which displays pulse/echo C-scan images for two hexagonal ceramic tiles, one good and one defective. Each image shows the TOF difference between the front-wall echo and the first back-wall echo, as measured using a 10-MHz focused transducer. In the porous region of the defective tile, the average velocity was found to have been reduced by about 5 %. Figure 3c summarizes the measured densities and longitudinal-wave sound speeds for the armor layers and for water which plays a role in the immersion inspections. The bar graph then compares the sonic impedances of the layers. Notice that the impedance is much larger for the ceramic material than for the other layers. When there is a large impedance mismatch at an interface, most of the sound energy incident on that interface is reflected rather than transmitted. That will be the case at the two interfaces on either side of the ceramic layer. Figure 4a depicts the attenuation measurement setups that were used. In each, we compared the spectrum magnitudes of two signals. For most materials the two signals compared were the first back-wall echo in the material under study and the first back-wall echo in a low-attenuation fused-quartz (FQ) reference block of roughly similar thickness. In some cases we also compared the first two back-wall echoes in the specimen to each other, or we compared through-transmitted signals with and without the specimen in place. In all cases the spectral analysis corrected for interface effects, beam spread, and attenuation of water and fused-quartz. The analysis methods used are similar in spirit to those described in Ref. [1] .
As an example, Figure 4b -c summarizes measured attenuation data in the S2 glass specimen. The graph at far left shows the average spectral magnitudes of the first back-wall echoes in S2 and FQ, with the two curves scaled to have similar peak values. A 2.25-MHz planar transducer was used. The peak frequency of the FQ spectrum is near 2.25-MHz, as expected, but that of S2 glass has been down-shifted to below 1.5 MHz due to attenuation. Comparing the two spectra, we deduce the attenuation-versus-frequency curve shown in Figure  4c , with the error bars (+/-one standard deviation) resulting from measurements at multiple sites on the S2 specimen. A second set of values in Figure 4c result from different measurement using a 1-MHz transducer and comparing the spectra of the first two back-wall echoes in S2. The two sets of attenuation values are seen to be in reasonable agreement. Figure 4d displays the average measured attenuation-vs-frequency for each of the armor layers. The rubber material has the highest attenuation, followed by S2 glass, graphite, and finally ceramic, which had no discernable attenuation at our inspection frequencies. Near 2 MHz, the attenuation values are approximately 65 dB/inch for rubber, 32 dB/inch for S2 glass, and 7 dB/inch for graphite composite. In the ranges shown, the attenuation rise with frequency is slightly faster than linear in each case. The S2 glass and graphite composite specimens are composed of bonded plies having 0 o , 90 o , and 45 o relative orientations. For these materials, some noticeable effects of interference phenomena (presumably due to sound reverberation within plies) can be seen at higher frequencies that those plotted in Figure 4d .
Having determined sonic impedance and attenuation values, we are now in a position to construct so-called "Loss Curves" for through-transmission inspections. The meanings of cited values are as indicated in Figure 5a . 0 dB refers to the received (peak voltage) response that would be seen in water alone in the absence of the specimen, assuming a narrow-band pulse of a specific center frequency. The cited value is the received response for transmission through the armor at that same frequency, assuming perfect bonding between layers and neglecting reverberations within layers. Thus the cited value corresponds to the strength of the earliestarriving signal. In Figure 5b , loss curves are shown for four frequencies: 0.5, 1, 2, and 3 MHz. As we proceed from left to right through the armor panel each curve displays the cumulative losses in dB due to interface transmission and material attenuation. Consider the 3 MHz curve which begins in water at 0 dB strength. There is a 2 dB loss to penetrate into the S2 glass, a further loss of about 30 dB due to attenuation to traverse the S2 layer, and so on through the other interfaces and layers for a total loss of about 55 dB. Here, computed losses at interfaces are the square-roots of the sonic energy transmission coefficients for plane waves, expressed in dB units. For our purposes we require adequate signal strength in unflawed panels, but also adequate lateral resolution for interface defects (on the order of one or two tenths on an inch). Figure 5c lists the expected beam spot size at the focus for a common spherically-focused transducer type, i.e. D = 1.5" diameter and F = 5" focal length in water, as estimated using beam spot diameter = 1.03 λF/D. Based on Figure 5 , an inspection having an effective center frequency of about 1.5 or 2 MHz would offer a reasonable compromise between adequate signal strength and adequate resolution. At 2 MHz, for example, expected signal losses total 39 dB. Of this, 14 dB are from interfaces losses, with the bulk (8 dB) occurring at the two ceramic/graphite interfaces. 25 dB are attenuation losses, with most of that occurring in the S2 glass (19 dB) and rubber (4 dB) layers.
The calculations summarized in Figure 5 assume sound pulse propagation through layers of homogeneous, attenuative material, and hence neglect the effects of inhomogeneities, such as those associated with the ply structures of the S2 glass and graphite composite. When choosing an inspection frequency, one should check that microstructure-induced sound beam distortions and their associated signal fluctuations are not too severe. One way of doing this is to map the sound beam that emerges into water after passing through an armor layer of interest [2] . Our water-immersion measurement setup is depicted in Figure 6a . A planar transducer serving as a transmitter is fixed in position and launches a sound pulse toward the specimen. A focused receiver is then scanned in 2D to essentially image the cross-section of the emerging transmitted pulse (really the lateral pressure profile of the transmitted pulse convolved with the tighter lateral profile of the focused receiver). Using FFT analysis one can make images of the transmitted magnitude or phase at selected frequencies within the transducers' bandwidths [2] . For example, Figure 6 displays normalized beam amplitude images for frequencies of 1.0, 1.5 and 2.0 MHz obtained using a pair of broadband 2.25-MHz transducers. The top row of images is for propagation through water alone and the beam cross-sections are seen to be symmetric, as expected. At higher frequencies there is less beam spread from the planar transmitter, resulting in a more compact beam cross-section at the measurement plane. The bottom three images in Figure 6 are for passage through a 0.6"-thick slab of S2 glass. One sees that as the frequency increases the through-transmitted beam becomes increasingly distorted compared to the behavior in water alone. Beyond about 1.5 MHz, a noticeable lack of symmetry occurs, and at 2 MHz, the beam is typically seen to develop multiple "hot spots" near its center. The details of the observed beam distortions vary from location to location in the S2 panel, but their general character is similar to that shown in Figure 6c . For frequencies below 5 MHz, similar measurements through the rubber, ceramic, and graphite specimens produce images indistinguishable from those of water (if the water layer thickness is chosen such that beam spread effects are comparable).
Beam distortions like those shown in Figure 6c will naturally lead to signal fluctuations observed in ultrasonic C-scans of nominally unflawed panels. To directly assess the signal fluctuation levels associated with a single armor layer, we have used the two immersion setups depicted in Figure 7a . In pulse/echo mode one can scan a transducer over the specimen and image the variation of the back-wall response with position. Similarly one can scan two transducers in tandem and look at the variation in the through-transmitted response. Again FFT methods are used to produce C-scan images at selected frequencies. Within the scan area the measured response amplitude will vary, and one can construct a histogram of those amplitudes. We define the fluctuation level as the dimensionless ratio of the standard deviation of that histogram to its mean (usually expressed as a percentage). In Figure 7b we display such images for S2 fiberglass at frequencies of 1.0 and 2.0 MHz obtained using 2.25-MHz broadband transducers. The top two images are for the pulse/echo setup using a single focused transducer. The bottom two images are for the pitch/catch setup using matched focused transducers. Each image results from a scan over a 2" x 2" section of the fiberglass panel. One can see patterns of response variations with a period that roughly mimics that of the weave structure of the S2 glass, although the detailed appearance of the response pattern varies with frequency. At 1-MHz the response variations are relatively mild as indicated by the measured fluctuation ratios of 8% and 3% respectively. However, at 2-MHz the fluctuation levels are on the order of 50%. For pulse/echo the sound pulse travels through the material layer twice, and this tends to boost the fluctuation level as compared to pitch/catch, other things being equal. Figure 7c shows a plot of the fluctuation level for S2 glass as a function of frequency. The upper three curves are for pulse/echo measurements using different transducers, some focused and some planar (with the diameter of the transducer indicated in the legend). The bottommost curve is for a pitch/catch measurement using two focused transducers. Beyond 1.5 MHz, the fluctuation level is seen to increase rapidly, and inspection frequencies below about 1.5 MHz are consequently preferable. Similar measurements for the graphite composite specimen (about 0.13" thick) yield fluctuation levels less than 5% for frequencies below 5 MHz.
SUMMARY
We have studied the ultrasonic properties of the individual layers comprising one prototype armor design, and used that information to select an inspection frequency. Based on expected signal losses due to interfaces and attenuation, expected beam distortion severity, and . We have developed a pitch/catch inspection along these lines to good effect which uses two 2.25-MHz broadband, focused transducers. There, in unflawed armor panels, the effective center frequency is about 1.3 MHz due to attenuation down-shifting. Examples of through-transmitted-amplitude images are shown in Figure 8 for three armor panels containing artificial disbonds at selected interfaces. The disbonds are easily detected and sized by the drop in the through-transmitted response at their locations. In addition, one can easily see the outlines of the 4" hexagonal tiles that make up the ceramic layer. Other variations are also evident, including linear features believed to arise from abutting ply edges and "freckle-like" features believed to arise from imperfect bonding at interfaces, with these interpretations based on pulse/echo inspections using the same transducers. Although not readily evident in the above pitch/catch images, pulse/echo images of the reflected response from a given armor interface (using the same transducers) typically display a weak periodic modulation of that response by the S2-glass weave pattern, as expected from the baseline studies.
Planned future work will make use of measured layer properties and measured transducer characteristics to predict time-domain waveforms for various P/C and P/E inspection scenarios. Comparisons to experimental data will hopefully lead to a better understanding of armor panel inspection phenomena (including intra-layer reverberations) and to refined methods for processing inspection data to better detect, characterize and size armor defects of interest.
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